The electronic structure, optical spectra, and thermodynamic properties of the three FOX-7 polymorphs (α, β, and γ) have been studied systematically using density functional theory. The LDA (CA-PZ) and generalized gradient approximation (GGA) (PW91) functions were used to relax the three FOX-7 phases without any constraint. Their density of states and partial density of states were calculated and analyzed. The band gaps for the three phases were calculated and the sequence of their sensitivity was presented. Their absorption coefficients were computed and compared. The thermodynamic functions including enthalpy (H), entropy (S), free energy (G), and heat capacity (C p ) for the three phases were evaluated.
Introduction
1,1-Diamino-2,2-dinitrotheylene, known as FOX-7, is a novel insensitive high power explosive.
1 FOX-7 is known to exist in three crystalline phases, denoted as α, β, and γ.
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The α-phase is stable on heating to 388 K, the β-phase from 388 K to ~435 K, and the γ-phase from 435 K until thermal decomposition at 504 K. The crystal structure of the α-phase determined previously using single crystal X-ray diffraction 1, 4 presents an infinite two-dimensional wave-shaped layer structure consisting of FOX-7 molecules packed "headto-tail" within the layers. The crystal structure of β-FOX-7 at 393 K was recently determined. 4 In the β-phase, the dipolar FOX-7 molecules are packed head-to-tail in waveshaped layers, as observed in the α-phase. Only slight changes in both crystal axes and positional parameters are required to transform from the monoclinic α-phase. The crystal structure of the γ-phase has been determined by Crawford et al. 5 γ-FOX-7 consists of four planar layers, each containing two crystallographically independent molecules, and the waveshaped layers of FOX-7 molecules formed in head-to-tail arrangements in α-and β-FOX-7 are flattened in γ-FOX-7 forming planar layers.
Many studies have been done on FOX-7 to investigate its structural and vibrational properties both in gas and solid phases, 6 equation of state, 7 detonation properties, 8 mechanical compression, 9 chemical decomposition process under external pressure, 10 and high-pressure far-and mid-infrared spectra.
11 However, they are mainly focused on studying the effects of pressure or temperature on the properties of α-FOX-7 and its phase transitions. The differences in the properties of the three polymorphs of FOX-7 caused by different crystal structures are still not well studied and understood. It is known that different polymorphs of explosives possess different performance including sensitivity, density, chemical reactivity, detonation velocity and pressure, and thermal stability. In order to understand the behavior of the explosives well, it is very necessary to investigate the differences in the structure and properties of their different polymorphs. For instance, a famous explosive HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine), which also possesses more than one phases (α, β, δ, and γ), has been investigated systematically [12] [13] [14] [15] and the results show that the properties like densities, energy transfers rate, electronic, and vibrational properties of the α-, β-, δ-, and γ-phase are different each other. These differences can provide useful information for understanding the differences in the sensitivity and decomposition mechanism for four HMX polymorphs. Therefore, the three polymorphs of FOX-7 continue to inspire more research efforts to comprehend the differences in their properties further.
Energetic materials possess a complex chemical behavior; it thus is a challenging task to investigate their microscopic properties. Theoretical calculations can play an important role in studying the physical and chemical properties of complex energetic solids at the atomic level. Previously, density functional theory (DFT) has been used successfully to study the properties of some explosives including HMX,
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TATB (1,3,5-triamino-2,4,6-trinitrobenzen), 16 HNS (hexanitrostilbene), 17 and styphnic acid. 18 As the electronic, optical, and thermodynamic properties of the three FOX-7 polymorphs are not systematically investigated and compared, there is a clear need to gain an understanding of those at the atomic level.
In this study, we report a systematic study of the electronic, optical, and thermodynamic properties of the three FOX-7 polymorphs (α, β, and γ) using density functional theory. Our main purpose is to examine the differences in the microscopic properties of the three polymorphs.
Computational Method
The calculations performed in this study were done within the framework of DFT based on CASTEP code, 19 using Vanderbilt-type ultrasoft pseudopotentials 20 and a planewave expansion of the wave functions. The self-consistent ground state of the system was determined by using a bandby-band conjugate gradient technique to minimize the total energy of the system with respect to the plane wave coefficients. The electronic wave functions were obtained by using a density-mixing minimization method 21 for the selfconsistent field calculation and the structures were relaxed by using the Broyden, Fletcher, Goldfarb, and Shannon (BFGS) 22 named CA-PZ, was employed. The cutoff energy of plane waves was set to 310 eV. Brillouin zones sampling was performed by using the Monkhost-Pack scheme with a kpoint grid of 2 × 2 × 1, 2 × 2 × 1, and 1 × 2 × 1 for α-, β-, and γ-FOX-7, respectively. The values of the kinetic energy cutoff and the k-point grid were determined to ensure the convergence of total energies. The α phase of FOX-7 crystallizes in an monoclinic lattice with P2 1 /n space group and contains four C 2 H 4 N 4 O 4 molecules per unit cell. 4 The β phase crystallizes in a orthorhombic lattice with P2 1 2 1 2 1 2 1 space group and contains four C 2 H 4 N 4 O 4 molecules per unit cell. 4 The γ phase crystallizes in a monoclinic lattice with P2 1 /n space group and contains eight C 2 H 4 N 4 O 4 molecules per unit cell.
5 Figure 1 displays the unit cell of the three FOX-7 poly phases, and atomic numbering of C 2 H 4 N 4 O 4 molecule in the FOX-7 phase is shown in Figure 2 .
The experimental crystal structure of FOX-7 4,5 was relaxed to allow the lattice configurations, cell shape, and volume to change at an ambient pressure without any symmetry constraints. In the geometry relaxation, the total energy of the system was converged less than 2.0 × 10 −5 eV, the residual force less than 0.05 eV/Å, the displacement of atoms less than 0.002 Å, and the residual bulk stress less than 0.1 GPa.
Results and Discussion
Bulk Properties. As a base and a well-studied benchmark, the LDA (CA-PZ) and generalized gradient approximation (GGA) (PW91
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) functions were selected to relax bulk α-, β-, and γ-FOX-7 without any constraint. The calculated lattice parameters are shown in Table 1 together with their experimental values. 4, 5 It is found that the errors in the LDA (CA-PZ) results are smaller than those in the GGA (PW91) results in comparison with the experimental values for α-, β-, and γ-phase. This indicates that the accuracy of the LDA function is better than that of the GGA. Part of bond lengths and bond angles of the α-, β-, and γ-phase along with corresponding experimental data are given in Table 2 . It is seen that the bond lengths and bond angles compare well with the experimental values. We also note that the errors in the calculated C-NO 2 (C1-N1 and C1-N2) bond lengths are relatively higher than those in the calculated C-C and C-NH 2 bond lengths in comparison with the experimental results. These discrepancies may be due to the intermolecular hydrogen bonding interactions presented in the crystal lattice, which are not well described by DFT. In a word, the comparisons confirm that our computational parameters are reasonably satisfactory. Therefore, we used LDA in all subsequent calculations. Electronic Structure. It is known that the density of states (DOS) is helpful for analyzing the changes in electronic structure and could interpret experimental spectra. To obtain information about the bond nature of the crystal FOX-7, There is an obvious difference in the PDOS of the C atoms for the three phases. A sharp peak appears in the conduction band from 5 to 7.5 eV for the α-and β-phase, while the γ-phase does not have this peak. The same is true of the PDOS of the N atoms of NH 2 and the N atoms of NO 2 . This may be caused by the wave-shaped layers of FOX-7 molecules formed in head-to-tail arrangements in the α and β phases and the planar layers formed in the β phase. (iv) Although the peaks located from −8.0 to −3.0 eV for the β and γ phases are more split and sharp than those of the α phase, the differences of the DOS between the three phases are very small. This is due to the small differences in their local molecular packing. (v) The PDOS of the C states and the N stated of NH 2 are far larger than that of the N states of NO 2 . This means that the former make more important contributions to the valence bands than the latter. Thus, the N atoms of NH 2 and the C atoms may act as active centers, that is, their electrons may be easy to transfer from the valence band to the conduction band. (vi) In the energy range from −5.0 to 0 eV, the DOS of the three phases are superimposed by the N states of NH 2 and the C states, while the N states of NO 2 make very little contribution. This shows that the C-NO 2 bonds are weaker than the C-NH 2 bonds. It may thus be inferred that the C-NO 2 fission may trigger the thermal decomposition of FOX-7. This agrees with the previous studies. 10, 26 (vii) Some strong peaks occur at the same energy in the PDOS of a particular C atom and a particular N atom of NH 2 . This shows that the two atoms are bonded strongly. Similarly, a particular N atom of NO 2 and a particular C atom in the ring are strongly bonded.
The sensitivity of energetic materials is a parameter which determines how easily a fast reaction can be initiated in a sample when subjected to an external stimulus, usually at normal temperature and pressure. Band gap is an important parameter to characterize the electronic structure of solids. Our previous theoretical studies 13,16-18,27-29 on energetic crystals within the framework of periodic DFT have shown that a first-principles band gap criterion 29 is founded to measure sensitivity for a series of energetic crystals. In other words, for energetic crystals with similar structure or with similar thermal decomposition mechanism, the smaller the band gap is, the easier the electron transfers from the valence band to the conduction band, and the more they becomes decomposed and exploded. A possible explanation may be that the increased sensitivity is caused by the increased number of excited states due to optical band gap reduction. Table 3 presents the energy gaps between the valence and conduction band for α-, β-, and γ-FOX-7 at ambient pressure. It is seen that the band gap increases in the sequence of α-, β-, and γ-FOX-7, suggesting that the sensitivity of the three FOX-7 polymorphs decreases in the sequence of α-, β-, and γ-FOX-7 at ambient pressure.
It is reported that the hydrogen bonds can influence the sensitivity of FOX-7.
4,5 There are 18 hydrogen bonds per a β-and γ-FOX-7 molecule but only 14 for a α-FOX-7, indicating that β-and γ-FOX-7 have stronger hydrogen bonding interactions than α-FOX-7. In addition, the overall average O···H distances for β-and γ-FOX-7 are 248 and 243 pm, respectively, indicating that γ-FOX-7 has slightly stronger hydrogen bonding interactions than β-FOX-7. Thus, the total hydrogen bonding interactions increase in the sequence of α-, β-, and γ-FOX-7, which is the same as the order of their band gaps.
Optical Properties. In this section, we turn to investigate the optical absorption coefficients of α-, β-, and γ-FOX-7. The interaction of a photon with the electrons in the system can result in transitions between occupied and unoccupied states. The spectra resulting from these excitations can be described as a joint density of states between the valence and conduction bands. The imaginary part ε 2 (ω) of the dielectric function can be obtained from the momentum matrix elements between the occupied and unoccupied wave functions within the selection rules, and the real part ε 1 (ω) of dielectric function can be calculated from imaginary part ε 2 (ω) by Kramer-Kronig relationship. Absorption coefficient α(ω) can be evaluated from ε 1 (ω) and ε 2 (ω).
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The absorption coefficients α(ω) of α-, β-, and γ-FOX-7 are shown in Figure 6 . The absorption spectra are active over various regions corresponding to the molecular or lattice structures of the individual material. The evolution pattern of absorption spectra for the α-and β-phase is qualitatively similar but different from that of the γ-phase. The peaks at 4.3 eV and 7.5 eV correspond to N-O vibration, while the peak at 14.7 eV does to C=C vibration. It is seen that the absorption coefficients of the N-O vibration of the α-and β-FOX-7 are much higher than that of the γ-FOX-7, while the α-and β-FOX-7 possess much lower absorption coefficients of the C=C vibration than the γ-FOX-7. This is because the α-and β-FOX-7 phases have similar crystal structure and their molecules are packed head-to-tail in wave-shaped layers, while the wave-shaped layers of FOX-7 molecules formed in head-to-tail arrangements in α-and β-FOX-7 are flattened in γ-FOX-7 forming planar layers. The differences in crystal packing lead to great differences in the chemical environments of the N-O and C=C bonds among different phases. In addition, the total absorption coefficient in the absorption region of 0-20 eV for the three FOX-7 phases increases in the order of α-, β-, and γ-phase. This indicates that the optical activity of the three polymorphs decreases in the sequence of α-, β-, and γ-phase.
Thermodynamic Properties. In this section, the thermodynamic functions including enthalpy (H), entropy (S), free energy (G), and heat capacity (C p ) for the three phases are evaluated and displayed in Figure 7 . Since α-, β-, and γ-FOX-7 exist in the temperature range of 0-388 K, 388-435 K, and 435-504 K, respectively, their thermodynamic func- Figure 6 . Absorption spectra of the α-, β-, and γ-FOX-7. tions are calculated in their corresponding temperature ranges. It is seen that for all of the three phases, the calculated S values increases with the increasing temperature. This is because the main contributions to the S are from the translations and rotations of the molecules at lower temperature, while the vibrational motion is intensified and makes more contributions to S at higher temperature. The same is true for H and C p . However, G decreases gradually with the increasing temperature. The β-phase at 400 K has higher S value than the α-phase at 375 K about 21.8 cal/mol/K, which is much higher than the increase value (11.4 cal/mol/ K) of S for α-phase from 350 K to 375 K. This shows that the S value increases when the phase transition occurs during 375-400 K, in agreement with the experimental results. 4 The S of the γ-phase at 450 K (462.3 cal/mol/K) is much higher than that of the β-phase at 425 K (215.2 cal/ mol/K), indicating that S also increases when the β-phase transforms to the γ-phase. The H, G, and C p of the γ-phase are significantly higher than those of the β-phase, showing that the phase transition occurred at 435 K is quite endothermic and not spontaneous. While the differences of H and G between the α-and β-phase in the temperature range of 375-400 K are small, indicating that the phase transition at 388 K is relatively easier when compared with the β-γ phase transition occurred at 435 K.
Conclusions
In this study, we have systematically studied the electronic, optical, and thermodynamic properties of the three FOX-7 polymorphs (α, β, and γ) using density functional theory. The results show that the N atoms of NH 2 and the C atoms act as active centers. The C-NO 2 fission may trigger the thermal decomposition of FOX-7. From the band gaps for the three FOX-7 phases, it could be concluded that their sensitivity decreases in the sequence of α-, β-, and γ-FOX-7.
The α and β phases have higher absorption coefficients of the N-O vibration than the γ phase, while the former possess much lower absorption coefficients of the C=C vibration than the latter. The optical activity of the three polymorphs decreases in the sequence of α-, β-, and γ-phase. Both the two phase transitions occurred at 388 and 435 K makes S increase, especially the latter one. The β-γ phase transition occurred at 435 K is quite endothermic and not spontaneous. The α-β phase transition is much easier to happen than the β-γ phase transition. 
